The paper presents the changes that have occurred in the morphometry of Lakes Gopło and Ostrowskie, which are located in central Poland. The analysis covered the period characterised by increased human interference into the water cycle, which has been taking place continually since the mid-eighteenth century. On the basis of available cartographic materials (aerial photographs, topographic maps, bathymetric charts of the lakes) and the authors' own field measurements digital terrain models were developed for the immediate environment of the surveyed lakes. These models, in turn, were used for measuring basic parameters characterising the external dimensions of the lakes (surface area, length and maximum width, shoreline length) and their underwater relief (volume, maximum and average depth). In addition, the selected indicators of the shape and form of the lake basins were determined. The results showed a drastic reduction of water resources of the two lakes. The basin of Lake Gopło covers only the deepest parts of the former reservoir, accounting for only 23.3% of the lake before 1772, and 32.5% of its former volume. In the case of Lake Ostrowskie the surface area and volume decreased, respectively, by 23.5% (74.9 ha) and 21.3% (6 695 000 m 3 ). Such large changes in surface area and volume of both lakes have contributed to significant changes in other morphometric parameters and indicators. In particular, significant changes were observed in relation to such morphometric characteristics as length and maximum width, as well as average and maximum depth.
Introduction
The evolution of glacial lake basins began with the end of the melting dead ice blocks, which for most of lakes in Poland took place in Allerőd, rarely in Bőlling. The transformation of lake basins from their emergence to the present day is characterised by major changes which proceeded in stages (Stasiak 1963; Gołębiewski 1976 ). The two main factors behind these changes were the fluctuations in the water level of lakes caused by climate change (lake transgression and regression), and filling lake basins with autogenic (biogenic) and allogeneic (terrigenic) sediments (Choiński et al. 2011) . Originally these were long-term fluctuations, lasting hundreds and thousands of years. It is generally accepted that the average level of disappearance of lakes from the Weichselian Glaciation is about 65-75% (Kalinowska 1961 ).
The second type of change refers to the last 250 years. Besides natural factors, these transformation factors are primarily associated with the human economic activities. These activities resulted in significant morphometric changes of lakes and their consequences were observed over a relatively short period of time (seasonal or annual changes or over several years). In particular, they are clearly associated with the beginning of the exploitation of minerals (Kędziora 2008; Marszelewski and Radomski 2008; and drainage works carried out for the purposes of agriculture (Kaniecki 1997) .
This paper is an attempt to answer the question of how significant the changes are in the morphometry of Lakes Gopło and Ostrowskie, in central Poland, in terms of the water cycle, in the period of increased human interference which has been taking place continuously since the mid-eighteenth century.
Research methods
Based on the available cartographic materials (aerial photographs, topographic maps, bathymetric charts and archival records) and own field measurements, the changes in the lakes' surface area and volume were determined. The study also specifies some other basic surface parameters of the lakes (maximum length and width, the length of the shoreline), their sub-aqueous parameters (maximum and average depth), as well as selected morphometric ratios (compactness ratio, lake basin's stability index). Morphometric parameters and ratios were determined according to the methodology presented in the papers by Kerekes (1977) and Choiński (2007) . The bases for the calculation of all the morphometric characteristics were digital terrain models of the studied lakes (Fig. 1 ). These models were prepared using the ArcGis 9.3 software.
A digital terrain model, including the lake basin and its immediate surroundings, was based on topographic maps and bathymetric charts made by the Inland Fisheries Institute (Instytut Rybactwa Śródlądowego -IRS) in Olsztyn (IRS 1953 (IRS , 1960 . Bathymetric charts were referred to the shoreline that is shown in the topographic map at a scale of 1:10 000 (from the early 1980s). Due to the fact that the shoreline in the bathymetric chart was mapped in an approximate way (the charts were made in winter, when setting the water-land border is difficult) the course of the shoreline was taken from a topographic map (scale 1:10 000). Assuming that the position of the isobaths in relation to the shoreline at the bathymetric chart is mapped correctly, they were digitised. Then, each isobath was assigned appropriate values of altitude. In order to illustrate the area beyond the current shoreline the terrain shown in the topographic map at a scale of 1:10 000 was used, from which epilittoral was vectorised.
Study area
Lakes Gopło and Ostrowskie are located in the eastern part of the Gniezno Lake District, which constitutes part of the macro-region of the Wielkopolskie Lake District. Hydrographically they are located in the catchment of the River Eastern Noteć (Fig. 2) . The distance between the lakes in a straight line is about 11 km. Back in the 1980s they were connected by the Ostrowo-Gopło Canal, where an excess of water (especially in spring) was directed to Lake Gopło (Mrózek 1965) . Their catchment area, generally shaped during the Poznań Phase of the Weichselian Glaciation, has diverse relief showing a slight slope towards the channel of Lake Gopło. The total surface area of the catchment of both lakes (by the mouth of the Pieranie Canal) is 1426.3 km 2 . The basin of Lake Gopło has an elongated shape whose long axis goes in the direction NNW-SSE. It consists of two clearly distinguishable parts. The main body of water is the channel part which shows a large diversity of bottom relief (it contains five depths separated by thresholds) and a length of 25 km. From the west the channel part links with the so-called bay basin where the depth increases towards the north. The two basins are separated by the Potrzymiech Peninsula (Fig. 3) .
Surface area of Lake Gopło is significant (2121.5 ha ; Choiński 2006) and by its size it is the ninth lake in Poland. It is also a very shallow lake, as the average depth is only 3.6 m (the maximum is 16.6 m). As a result, the volume of water stored in this lake is relatively small (78 497 m 3 , IRS 1953 ). Thanks to numerous bays, peninsulas and islands the lake has a high rate of shoreline development (5.55). The shallow-water nature of the lake is underlined by the fact that the surface area enclosed between the shoreline and isobath 2 m (littoral zone) covers up 48.7% of the total surface area of the lake. Deep water zone (below the isobaths 15 m) takes only 0.1% of the lake's area. The most extensive shallows are found in the southern part of the bay part and to the south and north of the town of Kruszwica. The ancient lake bed and the slopes of its basin, now exposed and in many parts transformed into arable land and meadows, have been gradually remodelled as a result of agricultural denudation and natural slope processes (Sinkiewicz 1989) .
According to the Inland Fisheries Institute in Olsztyn the surface area of Lake Ostrowskie is 314.5 ha, while according to the Directory of Polish Lakes (Choiński 2006 ) -272.0 hectares. The latter value, however, refers to the result of the planimetry of the lake surface in a topographic map at a scale of 1:50 000. The research carried out in 2009 using a geodetic GPS receiver (Leica GX1230 GG) gave a result of 242.0 hectares.
Currently, Lake Ostrowskie consists of two reservoirs connected through a channel which is 70 m long and 2-3 m wide. The western part has a narrow channel-like character (length of about 6.5 km and width up to 0.4 km) with a sequence of succes-sive depths (Fig. 3) . However, the eastern part is a vast body of water of about 0.9 km in width, with a centric system of isobaths and a wide littoral zone (Kunz et al. 2010) .
The analysed lakes are located in a region of relatively low precipitation. At the measurement station in Gniezno mean annual precipitation in the multi- ). The last few years of that multi-annual period of time, however, showed an opposite trend, i.e. a decrease in precipitation totals .
In terms of the intensity of water exchange the lakes represent different hydrological types. Lake Gopło is a reservoir with characteristics typical of lakes with an average hydrological activity, while Lake Ostrowskie represents a passive type. In the case of Lake Gopło this feature stems from a high rate of horizontal water exchange (FR = 1.25 yr -1
) and a large annual range of the water levels. However, the passive hydrological nature of Lake Ostrowskie is mainly due to the low rate of horizontal exchange of water (FR = 0.29 yr -1 ) until 2003 (now it is a no-through lake). Observations of water levels in Lake Gopło have been conducted in Kruszwica since 1887. They are one of the longest observational series in Poland (Fig. 4) . During the period of 1887-2010 the average water level in the lake was 231 cm, which corresponds to a water level elevation of 76.82 m . During this period the absolute range of water levels reached 273 cm. Fig. 2 . Location of Lakes Gopło and Ostrowskie on the map of Poland: 1 -Lake Gopło and Lake Ostrowskie, 2 -other lakes, 3 -major cities, 4 -Ostrowo-Gopło Canal Changing the geometry of basins and water resources of Lakes Gopło and Ostrowskie ... Measurements of water levels conducted on Lake Ostrowskie showed that in the years 1993-1998 the average water level was at an altitude of 97.45 m, and was about 1.3-1.5 m lower than the level in the 1960s (Ilnicki 1996) . Since 1999, the rise by about 0.6 m (98.03 m) of the water level was observed in the lake, and after 2004 it was again reduced down to 97.01 m. Large changes particularly occurred in 2010, when the water level dropped to the lowest in the history of the lake of 96.35 m (Fig. 5) .
Results
The changes that have occurred in Lake Gopło over the last 240 years are a profound example of the human impact on the evolution of the water level in the lake (Table 1) . After the analysis of topographic maps and available literature it was considered that the most likely maximum water level in Lake Gopło was at the elevation of approx. 80 m. The surface area of the lake at that time stretched from Mątwy and Szymborze (Lake Szarlej) in the north, down to Lake Mileno in the south. The range of Lake Gopło at the level of the middle terrace lasted until the early nineteenth century (Mrózek 1965; Niewiarowski 1978) . As a result of the regulatory activities conducted in the riverbed of the River Noteć in the years 1775-1878 and irrigation measures in its upper reaches, the water in the lake dropped by about 2.7 m (Table 1) . Lake Ostrowskie does not have as long series of observation of its water levels as Gopło. The specialist literature on this lake is also very poor and mainly focuses on the changes that have occurred in the lake over the past 20 years (Ilnicki 1996; Kędziora 2008; Marszelewski and Radomski 2008) . The original surface area of the lake was based on the Topographische Karte (scale 1:25 000) of 1887. The water in Lake Ostrowskie was then at an altitude of 99.0 m. In recent years, the level of the lake water was at a height of 96.5 m.
The contemporary basin of Lake Gopło fills up only the deepest parts of the former reservoir, accounting for only 23.3% of the surface area before 1772, and 32.5% of its former volume. Such a significant change in the two basic quantities describing the geometry of a lake basin must have altered other morphometric parameters. The length and the maximum width reduced their original size by nearly 50%. However, the width of the lake decreased somewhat greater resulting in an increase of the elongation index up to 9.2. The shoreline decreased significantly (by 58%) causing a decline in the shoreline development by 0.83. The number and surface area of islands decreased by, respectively, 241 and 1177.1 ha (97%). The reason for this was the withdrawal of the lake from an area in its former eastern part. This area was the shallowest part of the former Lake Gopło characterised by numerous thresholds emerging in the form of islands. Significant changes occurred in the lake basin geometry, especially in the depth relations.
Lowering the water level by over 3 meters resulted in the disappearance of the wide littoral zone, and a simultaneous increase in the average depth by 0.9 m. The result of these changes included the decrease in the index of basin permanence. According to Kerekes (1977) , its value decreases with the ongoing process of the lake disappearance. This case study seems to confirm that. There was also a two-fold increase in an empirical depth index. High values of this index are characteristic of deep and compact lakes, but low for shallow lakes of large areas. In the case of Lake Gopło, despite the significant increase in the ratio up to the value of 0.21, it remains very low. Changes in the geometry of the lake basin are also well illustrated by a relationship between its horizontal and vertical morphometric parameters, as expressed by the relative depth indicator. The decrease in its value from 4.17 to 1.16 indicates further shallowing of the lake basin (Table 2) . Similarly to Lake Gopło, Lake Ostrowskie has been significantly transformed over the past 100 years. Its area as well as its volume decreased, respectively, by 23.5% (74.9 ha) and 21.3% (6 695 000 m 3 ). This affected the values of all other morphometric parameters and indicators, especially those that are used to calculate the mentioned parameters. It should be emphasised a decrease in the values of parameters characterising the surface of the lake, including the shoreline length, maximum length of the lake and the average width, were rather slight. The reason for this is the shape of the lake basin, which in the case of this lake is clearly tapered. This is confirmed by the obtained value of the depth index (approx. 0.3). Also, the empirical indicators of the relative depth of Filatova and the depth index show the lake is deep and compact. In the case of the latter ratio a significant change of its value (from 21.54 to 28.33) was observed. It was the result of a decrease in the average width by about 100 m due to the reduction of water level in the lake. To a very large extent, the maximum width was also reduced, which was the result of the division of Lake Ostrowskie into two water bodies. Moreover, it is worth mentioning that there was a significant reduction in the rate of the lake's basin sustainability (from 1525.7 to 1242.9). The decrease in this ratio indicates a progressive disappearance of the lake ( Table 2) .
The data from a weir in Pakość (Table 3) indicate that for Lake Gopło the differences between the surface area and volume between the maximum and minimum levels of damming are, respectively, 716.4 ha and 31 393 500 m 3 . The change in the surface and volume of the lake between high big water (WWW) and the lowest low water (NNW) in the period of instrumental measurements (1887-2010) was 3666.5 ha and 79 073 900 m 3 . In the case of Lake Ostrowskie the volume and surface area difference between the WWW and NNW states was 6 956 500 m 3 and 74.47 ha. Mean annual range of water levels in the years 1992-2010 was 20 cm. The volume of the water layer specified by the mean annual range of water levels reached 541 800 m 3 .
Discussion of the results
Measurable effects of decreasing water level in the lakes are changes in their surface areas as well as morphometric characteristics related to their basins. The analysis of digital terrain model including the lake basins and their epilittoral zones showed significant changes in both the surface area and volume of both lakes during the studied period, as well as significant differences in the results obtained from earlier studies of this type (Dorożyński and Skowron 2002) .
The results of surface changes and the volume of Lakes Gopło and Ostrowskie at the extreme levels of the water table showed very large disparities. The surface area of Lake Gopło at the lowest low water (NNW) in relation to the surface area of the lake observed at the high big water levels (WWW) decreases by 66% and the volume by 59%. These changes are more than two times higher than in the case of Lake Ostrowskie, for which they are, respectively, 24 and 23%. These differing results are due to the above mentioned difference in the shapes of lake basins. In Lake Ostrowskie the basin is conical, and in Lake Gopło it has a strongly concave shape. As a result, the changes in the surface area and volume of Lake Ostrowskie are much smaller, even though the lake shows a similar absolute range of water levels to those in Lake Gopło (Lake Ostrowskie 2.2 m, Lake Gopło 2.7 m). The shape of the lake basin and its shallowness make Lake Gopło react much more strongly to rapid changes in water level than Lake Ostrowskie. Therefore it is more prone to degradation and vegetation succession. Table 4 shows the values of the analysed parameters and morphometric indicators obtained for these lakes by other authors. A significant difference in results compared to those obtained in the present study (Table 2) is found in Dorożyński and Skowron (2002) . It results from the use of different procedures. Dorożyński and Skowron (2002) determined the surface of Lake Gopło graphically (by counting the number of squares on graph paper), while linear parameters were measured using a curvimeter and dividing compass. Analysis of the lake's surface, using modern computer methods, allows the detection of an error in the calculation. The surface area given in the cited work is greatly exaggerated compared to the actual one. Additional analysis of the materials used in the work of these authors confirmed an error in the calculation referring to the surface area occupied by Lake Gopło at an elevation of 80 m. A significant difference between the surface of the islands and the length of the shoreline may be explained by the use of different accuracy of the measurement material. In the cited paper the measurements were made using a topographic map at a scale of 1:50 000, and in this paper, on the other hand, a topographic map at a scale of 1:10 000 was used.
The results obtained from the bathymetric chart for Lake Gopło by the IRS are similar to the results obtained by the authors (Table 2) . One difference is found in the determined surface area, though. The reason for this is, as already mentioned, low accuracy of the shoreline delimitation on the bathymetric charts (they were made in the winter, when setting the waterland border is inaccurate).
In the case of Lake Ostrowskie no significant differences of the results were found. Slight differences exist in relation to the IRS bathymetric chart, but this is mostly due to the already mentioned factors related to the accuracy of determination of the shoreline in winter.
Conclusion
The issue of changes in lake retention is a relatively new problem, which is very interesting not only because of the importance of water management, but also from a purely cognitive point of view. Lake water resources are not permanent, and their variation is mainly due to the evolutionary change of lake basins as well as lowering water levels in lakes as a result of anthropogenic and natural factors. Significant hydrological changes in the analysed lakes occurred along with the intensification of the exploitation of mineral resources, especially those related to opencast lignite mining (Wachowiak 1980; Ilnicki 1996; Skowron 2010, 2011; Skowron 2011) .
The analysis of the available cartographic and remote sensing materials as well as surveying confirmed by earlier research carried out by other authors (e.g. Niewiarowski 1978; Ilnicki 1996; Kunz et al. 2010) that the water table elevation in many lakes in Poland has significantly decreased over two centuries. This also applies to lakes situated in the Gniezno Lake District, particularly Lakes Gopło and Ostrowskie.
The calculations, using a digital terrain model, showed that the surface area of Lake Gopło between the second half of the eighteenth century and the first decade of the twenty-first century (1772-2010) decreased from 9245.2 ha to 2163.9 ha, i.e. by 76.6%. Lake Ostrowskie also reduced its surface area, but to a much lesser extent. In the years 1887-2010 the total decrease in its surface area amounted to 74.9 ha, i.e. 23.5%. In parallel with the reduction of the surface area of the analysed lakes their water resources were also reduced. Lake Gopło reduced in volume by more than 67%, while Lake Ostrowskie by 21%. Lake Gopło showed a faster pace of decline. In terms of the rate of change of the surface area and volume per decade it was, respectively, 3.2 and 2.8% for Lake Gopło, and, respectively, 1.9 and 1.7% for Lake Ostrowskie.
The most visible change within the former Lake Gopło basin as well as the entire landscape of the area, is the emergence of separate lakes: Szarlej, Tryszczyn, Łunin, Gocanowskie and Mielno. Similar transformation was observed in the case of Lake Ostrowskie. A former Lake Ostrowskie, due to lowering the water table elevation by more than two meters, divided into two basins.
The analysis of changes in the morphometry of the selected lakes' basins pointed out how strongly they have been transformed. At the same time it allowed to compare and verify the results obtained with old, traditional methods. The use of modern computer methods enabled the authors to obtain accurate, precise results as well as their graphic visualisation.
